Introduction
The twin epidemics of obesity and Type 2 diabetes continue to increase in industrialized nations. Approximately two thirds of adult Americans are currently overweight or obese and therefore at increased risk for a number of deleterious health conditions including Type 2 diabetes, heart disease, and cancer (Roth, Qiang, Marban, Redelt, & Lowell, 2004) . Although there is not specific evidence that sucrose, a disaccharide that consists of 50% glucose and 50% fructose, consumption affects the development of diabetes (Laville & Nazare, 2009) , diets consisting of high amounts of sucrose have been found to cause weight gain (Raben, Vasilaras, Moller, & Astrup, 2002) and to have adverse effects on glucose tolerance in healthy volunteers (Cohen, Teitelbaum, Balogh, & Groen, 1966) . Overconsumption of fructose has also been found to cause dyslipidemia and ectopic lipid deposition in healthy subjects with and without a family history of Type 2 diabetes (Le et al., 2009) , as well as increase visceral adiposity and decrease insulin sensitivity in overweight individuals (Stanhope et al., 2009) . In animal models, high glycemic diets and high consumption of the natural sugar fructose have been shown to induce a number of metabolic complications including hyperinsulinemia, hyperglycemia, hypertension, and insulin resistance (Barros et al., 2007) . Moreover, recent human studies demonstrate that fructose infusions can induce hepatic insulin resistance (Wei, Wang, Topczewski, & Pagliassotti, 2007) .
The consumption of added sugars in the United States has increased by almost 20% over the past few decades with current consumption estimated to be 142 lbs per person per year (Wells & Buzby, 2008) . Consumption of sugar-sweetened foods and beverages can significantly influence the glycemic index of each meal, as well as the diet as a whole (Willett, Manson, & Liu, 2002) . Moreover, excessive intake of high calorie, high glycemic food can result in exaggerated postprandial glucose and insulin levels and potentially lead to metabolic and hormonal changes that stimulate hunger levels and promote fat deposition (O'Keefe & Bell, 2007) . In line with this, studies to date suggest that the consumption of sugar-sweetened beverages promotes positive energy balance, weight gain, and increases risk for Type 2 diabetes (Malik, Schulze, & Hu, 2006; Schulze et al., 2004) . Based on accumulating evidence suggesting sucrosesweetened beverages and high sucrose diets have adverse effects on body weight (e.g., Johnson et al., 2007) and are associated with other medical complications, such as diabetes, cardiovascular disease, and cancer, the American Heart Association recently released a statement recommending discretionary sugar intake be limited to just over 30 g (100 calories) per day for average-sized women and just over 45 g (150 calories) for average-sized men (Mitka, 2009) .
The consumption of foods and beverages containing nonnutritive sweeteners has dramatically increased over the past few decades, and approximately 15% of the U.S. population are estimated to consume nonnutritive sweeteners (Mattes & Popkin, 2009) . Findings have been mixed regarding the effects that nonnutritive sweeteners, particularly aspartame, have on energy intake and body weight. Most studies indicate that aspartame reduces food intake and may assist with weight control (Dela Hunty, Gibson, & Ashwell, 2006) . Other studies, however, suggest that aspartame may paradoxically stimulate appetite (Blundell & Hill, 1986) and thereby lead to weight gain (Swithers & Davidson, 2008) . A recent review of the effect of nonnutritive sweeteners on appetite concluded that ''If nonnutritive sweeteners are used as substitutes for higher energy yielding sweeteners, they have the potential to aid in weight management, but whether they will be used in this way is uncertain (Mattes & Popkin, 2009) ,'' however, given the mixed findings at present, there is currently no official recommendation regarding the use of nonnutritive sweeteners for weight control.
Stevia, the common name for the extract stevioside from the leaves of Stevia rebaudiana Bertoni, is a natural, sweet-tasting calorie free botanical that may also be used as a sugar substitute or as an alternative to artificial sweeteners. Stevia has been found to increase insulin sensitivity in rodent models (Chang, Wu, Liu, & Cheng, 2005) and to have beneficial effects on blood glucose and insulin levels in human studies (Curi et al., 1986; Gregersen, Jeppesen, Holst, & Hermansen, 2004) , which suggests it may have a role in food intake regulation. In safety studies, no negative side effects were reported (Barriocanal et al., 2008 Additives, 2005) , and has also recently received GRAS approval from the Food and Drug Administration. Stevia is inexpensive and available to most consumers; thus, it has the potential to be widely used and may assist individuals in regulating their weight if it has a positive effect on caloric substitution. However, no study to date has examined the effect stevia has on food intake and satiety levels.
Given the high consumption of sucrose and sucrose-sweetened soft drinks, as well as the increasing consumption of food and beverages sweetened with nonnutritive sweeteners, studies are needed to examine the effects different sweeteners have on food intake, satiety, and blood glucose/insulin levels. Thus, the present study tested the effects of preloads containing stevia, aspartame, and sucrose on food intake, satiety, and postprandial glucose and insulin levels in both lean and obese individuals. 
Subjects and methods

Screening procedures
Potential participants attended a screening visit, during which they completed screening questionnaires, provided a blood sample (19 mL), and received a brief medical evaluation to identify any physical or psychological contraindications to participation in the study. Participants were also asked about potential obstacles for completing the study. Participants were required to meet the following inclusion criteria: (1) 
be a nonsmoker, and (4) for females, premenopausal. Participants were excluded for any of the following reasons: (1) history of diabetes, cardiovascular disease, or other chronic illnesses, (2) taking medications other than monophasic birth control or monophasic hormone replacement therapy, (3) dislike of or allergy to foods/sweeteners (stevia, aspartame, or sucrose) used in preloads and test meals, (4) high scores on the dietary restraint (>14), disinhibition (>14), or perceived hunger (>12) scales of the eating inventory (Stunkard, 1985) , and (5) high score (!30) on the Beck Depression Inventory (Beck, 1996) . Participants were also excluded if they had a diagnosable eating disorder or were taking any medications or dietary supplements that could influence appetite, hunger, or satiety.
Study design and procedure
For each of the three test meal days, qualified participants arrived at the Center in the morning after a 12-h fast and consumed a standard 469 kcal breakfast consisting of cereal, milk, toast with butter, and orange juice. Based on the results of a pilot study, a 400 g preload of tea and crackers with cream cheese sweetened with stevia (Whole Foods 365 brand), aspartame (equal sweetener), or sucrose was used in the present study. Participants consumed this preload 20 min before their test lunch and dinner meals. The order in which the preloads were provided to participants was balanced, and participants were blinded to the type of sweetener used in the preloads throughout the study. Since dietary factors, such as sucrose and low calorie sweeteners, may have direct, as well as indirect effects on caloric intake, a ''preload-to-test meal'' paradigm is needed to better understand the potential mechanisms through which sucrose and low calorie sweeteners may affect food intake. The paradigm used in the present study, which involved a high sucrose versus low calorie sweetener preload meal followed by a test meal after a predefined short interval, is particularly useful in controlling for variables related to energy density, caloric content, and caloric intake. Therefore, the ''preload-to-test meal'' paradigm was chosen because it represents a useful tool to identify potential mechanisms through which dietary factors, such as sucrose and low calorie sweeteners, may affect food intake.
The test lunch meal consisted of sandwiches, potato chips, and cookies, and the test dinner meal was a self-selected buffet-type meal (i.e., Macronutrient Self-Selection Paradigm) (Geiselman et al., 1998) . For both the test lunch and dinner meals, participants were informed that they could eat as much or as little food as they liked. Participants reported their hunger and satiety levels on Visual Analogue Scales (VAS) before and after each meal, as well as 30 min and every hour after lunch throughout the afternoon. Participants also provided blood samples immediately before consuming the first preload and lunch meal, and at 30 min, 1 h, and 2 h after the test lunch meal. All participants completed three separate food test days, which were no fewer than 2 days apart. For females, all test meal days occurred during the luteal phase of their menstrual cycle.
Eating behavior measures
Food intake
Food intake was directly measured in the Ingestive Behavior Laboratory using Mettler (Columbus, OH) Toledo ISO 9001 scales.
Visual Analogue Scales (VAS)
Computerized VAS were used to assess subjective ratings of hunger, satiety, fullness, as well as hedonic ratings of food (i.e., appearance, aroma, flavor, texture and palatability). When completing the VAS, participants rate the intensity of these subjective states on a 100-unit line from ''not at all'' to ''extremely.'' Studies support the reliability and validity of VAS for measuring subjective states related to food intake (Flint, Raben, Blundell, & Astrup, 2000; Geiselman et al., 1998) .
Menstrual cycle interview
The phase of female participants' menstrual cycle was determined using standardized interviews assessing menstrual patterns developed by Dr. Paula Geiselman.
Macronutrient self-selection paradigm (MSSP)
The MSSP (Geiselman et al., 1998) consists of a buffet-type meal composed of foods that vary in fat (high and low) and simple sugar, complex carbohydrate, and protein composition. In the MSSP, participants are presented with large portions of foods varying in macronutrient content. The food choices are prepared as a 2 (fat factor: high fat and low fat) Â 3 (other macronutrient factor: high simple sugar, high complex carbohydrate [CCHO] , and high protein) design. This design yields the following six cells: high fat/high simple sugar (HF/HS), high fat/high complex carbohydrate (HF/HCCHO), high fat/high protein (HF/HP), low fat/high simple sugar (LF/HS), low fat/high complex carbohydrate (LF/HCCHO), and low fat/high protein (LF/HP). Each food item in each of the three high-fat cells is !45% fat (expressed as percent of the total kJ in a given food). Foods in the HF/HS cell are !45% fat and !30% sugar, and foods in the HF/HCCO are !45% fat and !30% complex CHO. Foods in the HF/HP cell are !45% fat and !13% protein; however, most foods in this cell are 20-35% protein. Each food in each of the three low-fat cells is <20% fat. Subjects are given three foods from each cell according to the 2 Â 3 design; therefore, a total of 18 foods are provided to them. The 18 foods are selected based on each individual's hedonic responses to a pretest list of 92 foods (Food Selection Questionnaire), each of which fit into one of the six cells of the MSSP. The MSSP has been found to be a reliable and valid method to assess macronutrient selection and intake (Geiselman, 1998) .
Physiological measures Weight
Metabolic weights, the weight taken from patients in hospital gowns during a fasting state and following voiding in the morning, were taken at the baseline screening visit.
Glucose
Glucose was measured on the Beckman Coulter (Fullerton, CA) Synchron CX7 using a glucose oxidase electrode.
Insulin
Insulin was measured on the Diagnostic Products Corp. (Los Angeles, CA) 2000 using an immunoassay with chemiluminescent detection.
Psychological questionnaires
Beck Depression Inventory-II Symptoms of depression were measured using the Beck Depression Inventory II (BDI-II), which has established reliability and validity (Beck, Steer, & Brown, 1996) .
Eating inventory
The Eating Inventory has established reliability and validity (Stunkard & Messick, 1985) . It consists of three subscales: Dietary Restraint, Disinhibition, and Perceived Hunger.
Eating Disorder Diagnostic Scale (EDDS)
The EDDS is a 22-item valid and reliable self-report scale for diagnosing anorexia nervosa, bulimia, and binge eating disorder (Stice, Telch, & Rizvi, 2000) .
Statistical analysis
The required sample size for this study was determined based on a power analysis using data from similar studies conducted in the Ingestive Behavior Laboratory of the PBRC. Based on previous studies, it was determined a sample size of 30 participants would allow the following clinically meaningful group differences to be detected with greater than 80% power: (1) a mean difference between the conditions of 60 kcal of food consumed at the test lunch meal, (2) a mean difference of 83 kcal at the dinner meal, (3) a mean difference of 6 rating points for VAS ratings of hunger, and (4) a mean difference of 15 rating points for VAS ratings of satiety. A repeated measures design was used to test if food intake, hunger and satiety, or postprandial glucose and insulin levels differed as a function of the three different conditions (aspartame, stevia, and sucrose). We also tested whether the insulinogenic index, the ratio obtained by dividing increments of plasma insulin levels above fasting values by the relative net increase of plasma glucose levels (i.e., D insulin/D glucose at 30 min), varied according to the three conditions. We did not examine potential differences between lean and obese individuals since this study was not powered to detect subgroup differences. All analyses were conducted using SAS Version 9.12 software package. A Tukey-Kramer test was used to adjust for the multiple comparisons among three conditions.
Results
Descriptive characteristics of the study sample
The descriptive characteristics of the entire sample are summarized in Table 1 . The sample was comprised of 19 (61%) Table 2 presents the caloric and macronutrient content of the foods served during breakfast, lunch, and dinner meals.
Food intake
As presented in Fig. 1 , participants consumed significantly less food over the entire day (including preloads) in the stevia and aspartame conditions compared to the sucrose condition (mean difference between sucrose and stevia condition = 300 kcal, p < .001; aspartame condition = 334 kcal, p < .001). There were no differences in food intake between the stevia and aspartame test meal days. There was not a significant difference in food intake at either the test lunch or dinner meals between the conditions when the preload calories were removed from the analyses. This indicates that discretionary food intake did not differ between the conditions, and that the significant difference in total caloric intake was solely due to the difference in the caloric amounts of the preloads used in this study. Macronutrient consumption in terms of percent kcal did not differ between conditions.
Hedonic ratings of food
Participants rated the preloads containing aspartame as having a more pleasant taste than the preloads containing stevia and sucrose (mean VAS rating for Aspartame = 62.5; Stevia = 52.2; and Sucrose = 55.4; p-values < .01). Group assignment accounted for 15% of the variance in this rating. Participants did not differ in their hedonic ratings of the three preloads in terms of appearance, aroma, sweetness, or texture (all p-values > .10) with group assignment accounting for no more than 8% of the variance.
Hunger and satiety
Reported hunger and satiety levels did not differ by condition at any time point (all p-values > .10). Moreover, effect sizes (generalized h squared) were small with group assignment accounting for no more than 3% of the variance in appetite changes. Despite eating significantly fewer kcal over the test meal day, participants consuming preloads containing stevia and aspartame reported similar levels of satiety as participants consuming the sucrose preload.
Postprandial glucose levels
Based on area under the curve (AUC) analyses, there was a significant main effect for type of sweetener consumed on postprandial blood glucose levels, F(2, 60) = 5.13, p = .009. Post hoc comparisons revealed that postprandial glucose levels were significantly reduced in the stevia condition compared to the sucrose condition (p < .01; see Fig. 2 ). Specifically, postprandial glucose levels were significantly reduced at 20 min after consumption of the preload, as well as at 30 min after the test lunch meal, in the stevia condition compared to the sucrose condition (all ps < .05). Postprandial glucose levels were also reduced in the stevia condition compared to the aspartame condition at 20 min after consumption of the preload, as well as at 30 and 60 min after the test lunch meal (all ps < .05). Postprandial glucose levels at 20 min after consumption of the preload were significantly lower in the aspartame condition compared to the sucrose condition (p < .0001).
Postprandial insulin levels
AUC analyses also indicated that there was a significant main effect for type of sweetener consumed on postprandial blood insulin levels, F(2, 60) = 6.48, p = .003. Post hoc comparisons revealed that postprandial insulin levels were significantly reduced in the stevia condition compared to both the aspartame (p = .04) and sucrose conditions (p = .003; see Fig. 3 ). Specifically, postprandial insulin levels were significantly reduced at 30 and 60 min after the test lunch meal in the stevia condition compared to the aspartame condition (all ps < .05). Postprandial insulin Fig. 1 . Food intake over the entire day in the aspartame, stevia, and sucrose conditions. The lunch and dinner meals do not include the energy provided from the preloads. Significant difference between aspartame and sucrose conditions. levels were also significantly reduced at 20 min following consumption of the preload, as well as 30 and 60 min after the test lunch meal, in the stevia condition compared to the sucrose condition (all ps < .05). Postprandial insulin levels at 20 min after consumption of the preload were significantly lower in the aspartame condition compared to the sucrose condition (p < .01).
Incremental response
The AUC for the glucose-insulin index was also determined based on the area of increments above baseline, with the baseline being the participant's glucose or insulin value obtained prior to consuming the lunch preload. Based on area under the curve (AUC) analyses, there was a significant main effect for type of sweetener consumed on the postprandial glucose-insulin index, F(2, 60) = 6.56, p = .003. For these analyses, the postprandial glucoseinsulin index was reduced in the stevia condition compared to sucrose condition (p < .01), as well as the aspartame condition (p = .08).
Insulingenic index
At 60 min post-lunch, there was a significant difference in the insulinogenic index, the ratio obtained by dividing increments of plasma insulin levels above fasting values by the relative net increase of plasma glucose levels (i.e., D insulin/D glucose at 30 min), between the aspartame and sucrose conditions (p < .05; see Fig. 4) . No other between group differences were observed.
Discussion
This is the first study to directly test the effects of the natural sweetener, stevia, on food intake, satiety, and postprandial glucose and insulin levels in humans. The key finding was that participants did not compensate by eating more at either their lunch or dinner meal when they consumed lower calorie preloads containing stevia or aspartame compared to when they consumed higher calorie preloads containing sucrose. In other words, even after a lower calorie preload, food intake at subsequent lunch and dinner meals was not increased and discretionary food intake did not differ between the conditions. Thus, participants' total caloric intake was lower in the stevia and aspartame conditions, compared to the sucrose condition, solely due to the difference in caloric amounts of the preloads used in this study. Our findings are consistent with previous studies, which have found that changing the energy density of a food does not result in an accurate compensation in energy intake at subsequent meals (Levitsky, 2001; Rolls, Hetherington, & Laster, 1988; Rolls, Laster, & Summerfelt, 1989) . Other studies have also found that consumption of preloads an hour and a half before testing did not influence the amount consumed in the following meal (Rolls et al., 1991) . Findings such as these suggest that the eating behavior of humans may not be strongly related to previous caloric intake, at least in the short-term. Other studies suggest that compensation may not occur even over relatively long time periods. For example, sucrosesweetened food and beverages resulted in a 1.6 kg weight gain in overweight individuals whereas artificially sweetened foods and beverages resulted in a 1.0 kg weight loss over a 10-week period (Raben et al., 2002) . Consumption of stevia in preloads significantly reduced postprandial insulin levels compared to both aspartame and sucrose, as well as postprandial glucose levels compared to sucrose. Consumption of aspartame in preloads also reduced postprandial glucose compared to sucrose at 20 min following consumption of the preload. These effects on postprandial glucose levels are likely due in large part to the reduced caloric and carbohydrate intake in the aspartame and stevia preloads compared to the sucrose preloads. However, these effects do not appear to be solely due to the lower calorie preloads in the stevia condition, as participants consumed identical calorie amounts in the preloads used in both the stevia and aspartame conditions. If future studies confirm these findings, then stevia may be helpful in managing postprandial hyperglycemia, which recent studies indicate is an important contributor to the development of insulin resistance and Type 2 diabetes (Viswanathan, Clementina, Nair, & Satyavani, 2007) .
Despite consuming significantly fewer calories when provided preloads sweetened with stevia or aspartame (as compared to sucrose) in a blinded condition, participants reported similar levels of satiety in all three conditions. Since each of the preloads sweetened with sucrose contained 203 more kcal than the preloads sweetened with stevia or aspartame, this finding suggests that the additional calories provided from sucrose did not increase satiety levels, at least in the short-term. However, future studies are needed to examine this hypothesis since the caloric content of the preloads in this study was not equivalent in all three conditions. In either case, our findings suggest that using stevia or aspartame in place of sucrose (i.e., sugar) in the diet may be an effective strategy to manage food intake since hunger and satiety levels were similar in all three conditions. In terms of hedonic ratings, participants rated the preloads containing aspartame as having a more pleasant taste than the preloads containing stevia or sucrose. There were no differences, however, in the hedonic ratings of the stevia and sucrose preloads in terms of appearance, aroma, sweetness, or texture. This suggests the observed difference in food intake were not related to the hedonic value of the three different preloads.
One limitation of the present study is that eating behavior was measured in a laboratory setting rather than the participant's natural environment. Similarly, the design of the present study was not in line with typical eating patterns, which may limit the generalizability of our findings. Although some studies suggest that participants may increase their food intake in laboratory settings due to the availability of free food (Gosnell et al., 2001 ), other studies have found eating behavior in the laboratory to be consistent with eating behavior in the natural environment (Kissileff, Thornton, & Becker, 1982) and to be stable over time (Martin et al., 2005) . Another potential limitation of the present study is that food intake was only measured over the course of a single day; thus, we were unable to evaluate whether compensation in food intake occurs over the long-term. We also did not collect information about the participant's dinner the night before coming to the laboratory, which has been shown to influence the glycemic response the next day (Wolever, Jenkins, Ocana, Rao, & Collier, 1988) . Finally, a control condition without a sweetener was not included in this study. Although this condition would allow for further testing of the effects of sweetness on food intake, this was not the primary purpose of the present study. Rather, the present study was designed to test the effects of the natural sweetener, stevia on food intake, satiety, and postprandial glucose and insulin levels in humans as compared to both asparatame (positive caloric control) and sucrose.
This study also had a number of strengths. First, both lean and obese individuals were included, increasing the generalizability of these findings. Second, food intake was directly measured, and satiety measurements were taken at identical time intervals as blood glucose and insulin levels. Third, a pilot study was initially conducted to determine the appropriate gram and calorie amounts to provide in the preloads. Moreover, all preloads were matched for gram weight, and the aspartame and stevia preloads were matched for caloric content.
In conclusion, participants did not compensate by eating more at either their lunch or dinner meal and reported similar levels of satiety when they consumed lower calorie preloads containing stevia or aspartame than when they consumed higher calorie preloads containing sucrose. Additionally, stevia preloads reduced postprandial blood glucose and insulin levels, suggesting stevia may assist with glucose regulation. These effects appear to be independent of reductions in caloric intake, as participants consumed similar calorie amounts in both the stevia and aspartame conditions.
